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Introduction
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Tight junctions are protein complexes at epithelial apical intercellular contact sites, which form barriers 39 that regulate the paracellular transit of water, ions and molecules (1-3). Although their barrier forming 40 properties and morphology suggest a static structure, in fact, tight junction associated proteins are highly 41 dynamic, and can be acutely regulated by external stimuli to alter the extent of paracellular flux (2, 4). In particular, the tight junction associated scaffold protein zonula occludens-1 (ZO-1) has been shown to be 43 an important regulator for barrier permeability (5-9). ZO-1 is highly mobile, and readily exchanges 44 between tight junctions and the cytosol (2, 4). This dynamic process is closely associated with binding to 45 transmembrane tight junction proteins (e.g. claudins, JAM-A) and cytoskeletal proteins, primarily actin 46 (5, 6, 8) . Detailed understanding of the molecular anatomy of the tight junctions as well as determining how dynamic interactions between tight junction proteins dictate barrier function continue to be elucidated 48 (2). 49 Synthetic materials fabricated with specific geometries and surface topographic features at the micro and 50 nanoscale have the capacity to influence epithelial cell behavior (10, 11). We previously found that 51 polymeric films with defined nanostructure, when placed in contact with the apical aspect of an epithelial 52 monolayer, led to enhanced transepithelial permeability of macromolecules ranging in size from ~60 kDa 53 to ~150 kDa, including bovine serum albumin and IgG (12-14). Immunolabeling of ZO-1 showed 54 characteristic changes in tight junction morphology that were associated with increased permeability, 55 further indicating nanotopography-induced regulation of tight junctions (12). Tight junction remodeling 56 occurs relatively quickly (within 1 hour), is reversible, energy-requiring, and depends on MLCK (myosin 57 light chain kinase) signaling (12, 13). However, detailing the precise timing and changes to tight junctions 58 that occur in response to nanostructure contact remain to be determined and require specialized To advance our ability to analyze the effects of nanotopography on epithelial cell permeability, we 65 developed a novel method to achieve high-resolution visualization of paracellular flux across live cell 66 monolayers in real time, using total internal reflection fluorescence (TIRF) microscopy, which specifically 67 images the basal side of epithelia within ~100 nm from the glass substrate (18). We also tagged 68 endogenous ZO-1 protein under the control of its endogenous promoter with mCherry using CRISPR- 
Results
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Nanotopographic cues induce paracellular flux of macromolecules across epithelial monolayers 83 Human epithelial colorectal adenocarcinoma (Caco-2) cells were cultured on glass-bottomed chambers 84 under conditions that enabled them to form a polarized monolayer (Fig. 1A, fig. S1A ). The cells were 85 then placed in contact with polypropylene films with or without a defined nanotopographic structure (Fig. 1B, fig. S1B ). FITC-labeled IgG (FITC-IgG) was added to the apical side of the monolayer as a tracer for 87 barrier permeability (Fig. 1A, fig. S1A ). We then tracked FITC-IgG that penetrated through epithelial 88 monolayers to the basal side with submicron resolution, using TIRF microscopy that selectively 89 illuminated fluorophores within ~100 nm zone above the basal substrate (Fig. 1A) . Acquired TIRF images 90 were quantified as the mean FITC fluorescence intensity at cell-cell borders marked by bulk plasma 91 membrane using Cell Mask Deep Red ( fig. S1C) . Strikingly, FITC-IgG accumulated in basolateral gaps 92 below cell-cell borders of Caco-2 monolayer after apical contact with nanostructured (NS) films for 1 93 hour at 37 o C (Fig. 1, C and D (Fig. 2A) . Briefly, the guide RNA (gRNA) was designed to target exon2 of TJP1 gene for site specific 110 insertion/deletion (indel) ( fig. S2A ). Thereafter, the mCherry gene with two 1kb arms homologous to the 111 indel site was integrated into the genome through homology directed repair (HDR) ( Fig. 2A) mCherry-tagged ZO-1 complexes near tight junctions, mostly adjacent to the apical surface ( fig. S2F ).
119
Live cells expressing mCherry-ZO-1 at physiological levels were highly susceptible to photobleaching.
120
To minimize this effect, a spinning disk confocal microscope with high imaging speed was used for live 121 cell imaging, where mCherry-ZO-1 fluorescence was collected at an apical 1 µm z-depth with 0.3 µm 122 intervals and z-projected at maximum pixel intensity for each time lapse image (Fig. 2C) were confirmed to be ZO-1 positive, and also co-localized with several claudins (Claudin-2, -4, -10) and 133 F-actin (Fig. 2F, fig. S3 , B and C). Notably, the structures were negative for Rab5 staining ( fig. S3C ), and 134 were non-acidic based on a lack of LysoTracker staining ( fig. S3D ), indicating that they did not originate 135 from vesicular mediated trafficking of endocytosed tight junction proteins.
136
Enhanced dynamics of tight junction remodeling stimulated by nanotopography 137 We investigated the dynamics of mCherry-ZO-1 remodeling, using time-lapse imaging of Caco-2 cells 138 stimulated by nanotopography. We observed two patterns of cytosolic structure initiation: i) the direct 139 transition of junction-associated ZO-1 into cytosolic structures through aggregation and departure ( Fig.   140 3A-i); ii) the clustering of diffused signals into puncta within a network next to tight junctions ( Fig. 3A-141 ii, see movie S1). In addition, the cytosolic structures became enlarged through fusion of newly formed 142 small structures (Fig. 3A-iii) . Interestingly, cytosolic structures were highly dynamic in that they were 143 observed to circulate apically while collecting more ZO-1 followed by movement toward the basal aspect We then used FRAP at selected regions to quantify and compare the remodeling rate of tight junctions in 156 response to NS contact (Fig. 3B) . Importantly, we found that mCherry-ZO-1 fluorescence at tight junctions recovered faster after photobleaching in cells stimulated by NS films, as compared to untreated 158 cells and FT film treated cells (Fig. 3C) . This further supports that there is enhanced remodeling of 159 junctional ZO-1 being induced by nanotopographic cues.
160
To examine the dynamics of a transmembrane tight junction protein in live cells, we transfected mCherry-161 ZO-1 expressing Caco-2 cells with exogenous YFP-claudin-3 using an adenovector expression construct 162 (23) (Fig. 4A) . The virus titer was optimized to minimize YFP-claudin-3 overexpression although this did 163 result in heterogeneous expression by different cells in the monolayer (Fig. 4B) . YFP-claudin-3 and 164 mCherry-ZO-1 co-localized at apical cytosolic structures in NS film-treated cells (Fig. 4B) , but not 
Materials and Methods
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Cell lines and culture
258
Caco-2 human colon epithelial cell line was purchased from ATCC (#HTB-37). Unless specified, cells chamber at 37° with 5% CO2. The microscope was controlled using micro-manager, and the Nikon Perfect Focus System was used to adjust for axial focus fluctuations.
332
Fluorescence recovery after photobleaching (FRAP)
333
FRAP experiments in cells were carried out using the Nikon spinning disk confocal microscope described antibody staining mixture. Cells were washed three times with PBS followed by imaging using the 372 spinning disk confocal microscope described above.
373
Statistical analysis
374
All data are expressed as the mean ± the standard deviation (SD). in images of engineered Caco-2 cell apical locations. Images were individually processed through median blur, interactive watershed, threshold for binary image and particle analysis. Size distribution of spherical complexes in images were reported in Fig. 2d,e. (B,C) Immunostained images of mCherry-ZO-1 engineered Caco-2 cells after treatment with NS film at 37 o C for 1 hour showed co-localization of Claudin-2, Claudin-4, Claudin-10 (B) and F-actin (C) in cytosolic mCherry-ZO-1 complexes, while Rab5 was absent (C). (D) Images of LysoTracker dye stained live Caco-2 cells that were non-treated (NT) or in contact with NS film for 0.5-1.5 hour at 37 o C showing that the apical cytosolic complexes are non-acidic. Scale bar: 2 µm. 
